SUMMARY Because they can obstruct blood vessels and release noxious substances, white blood cells may contribute to the development oftissue ischaemia. The flow properties of white cells were tested after myocardial infarction, by measuring the filtration rates of cell suspensions through 8 ,gm pore filters. Compared with mononuclear cells from age matched controls, mononuclear cells from patients with infarction showed impaired filterability within the first day after the onset of pain; this condition persisted for at least two days and by day 10 it was improved. On day 1, granulocyte filterability and the proportion showing morphological evidence of activation were nearly normal. By day 3 the flow resistance and activation had increased, but the changes seen depended on the age of the patient. The filterability and activation of granulocytes from patients aged < 60 were significantly increased from day 1, whereas there were no changes in granulocytes from patients aged >60 years. Suspensions of unfractionated white cells showed changes intermediate between the mononuclear cells and granulocytes. A group of five patients who presented with chest pain but who were subsequently found not to have had an infarction showed no evidence of abnormal filterability or activation. The changes in filterability probably reflect white cell activation, which may have an adverse effect on the perfusion of the ischaemic myocardium.
It has been suggested that white blood cells, and neutrophilic granulocytes in particular, are major mediators of myocardial injury induced by ischaemia.' When they are activated in the microcirculation these cells cause extensive tissue damage, for example by releasing oxygen free radicals and lysosomal enzymes.2" Neutrophils would be expected to invade the ischaemic myocardium as part ofthe inflammatory response, but they also become entrapped in capillaries in the early stages of myocardial infarction,4 and this response may be detrimental. In animal models ofthe ischaemic heart the role ofwhite cells in mediating myocardial damage was suggested when infarct size was reduced if blood was depleted of white cells56 or if lipoxygenase metabolism of arachadonic acid (to form leukotrienes) was inhibited.7
Requests for reprints to Dr G B Nash, Department ofHaematology, St George's Hospital Medical School, Cranmer Terrace, London SW17 ORE. Accepted for publication 16 May 1989 A rheological mechanism may contribute to the trapping of white cells and to propagation of tissue injury. White cells are much more resistant to deformation than red cells and their entry into capillaries can take several seconds, giving rise to intermittent plugging even in the normal circulation. 8 In animal studies when the perfusion pressure is lowered they become entrapped in the microcirculation of skeletal muscle causing prolonged disturbance offlow.9 Similar events were seen during experimental myocardial ischaemia in the dog. The capillaries became plugged by white cells, mainly granulocytes, and these were not dislodged by reperfusion. 4 Three flow variables were derived as previously described'2: the initial relative flow rate (extent of initial, rapid fall in flow rate), the slow particle resistance (subsequent rate of decrease in flow, percentage/ml), and the relative flow rate after 1 ml of the sample had been filtered. Theoretical considerations suggest that the initial relative flow rate characterises the flow resistance of the main population of rapidly flowing cells and the slow particle resistance characterises a small subpopulation of slowly flowing cells. The flow rate after 1 ml represents the contribution from both these types and also from any cells that permanently block the filter pores.
STATISTICAL ANALYSIS
Group means were compared by a two tailed Student's t test, and between group measurements made at different times by two tailed paired t tests.
Results
White cell filterability was measured on days 1, 3, and 10 after acute myocardial infarction. The filterability of granulocytes and of unfractionated white cells was lower on day 3 than on day 1; it was improved again on day 10 compared with day 3. Monocyte filterability was equally reduced on days 1 and 3 and improved on day 10 . These trends were seen in each flow variable. Figure 1 shows the results for the slow particle resistance, which also shows data for controls and for five patients who presented with chest pain but who showed no enzymatic or electrocardiographic evidence of infarction. These patients had normal white cell filterability on day 1 and no significant change on day 3 . Table 1 compares the white cell filterability measured for patients on day 3 with that of controls. Patients with infarction had impaired filterability for each type of white cell preparation, with the trend present in all variables (initial relative flow rate decreased, slow particle resistance increased, and relative flow rate after 1 ml decreased). Some abnormalities were also evident on day 1: for unfractionated white cells the abnormalities were statistically significant (p < 0-05 for each flow variable) although smaller than on day 3; for the mononuclear cells flow impairment was actually slightly greater on day 1 (p < 0-01). On day 10, the filterability of granulocytes and of unfractionated cells was not significantly different from that of the controls, while the filterability of mononuclear cells had improved but remained slightly but significantly abnormal (p < 0-05). The granulocyte response after infarction was strongly dependent on the age of the patient. There was a significant inverse correlation between age and both granulocyte filterability and the percentage of active cells. Figure 2 shows day 3 data for slow particle resistance and the percentage of active granulocytes plotted against age. Initial relative flow rate and flow rate after 1 ml showed similar correlations. The correlations were present but less pronounced on days 1 and 10 (data not shown). If the patients were separated into those aged <60 and those aged > 60 years, several differences were seen. Figure 3 shows the trends for slow particle resistance. Patients over 60 years had nearly constant filterability after infarction, and their flow was not significantly abnormal at any time. The younger group started at approximately the same values but con- (0) . Data are mean (SE) for the slow particle resistance plotted against the day after infarction (onset ofpain). *p < 0-O5for data obtained on each day compared with the previous one. **p < 0-01 for comparison ofpatients > and < 60 years old. (n = 21) 9-8 (3.7)** 71 (9)** 22 (8)** 7 (3) Day 10 (n = 15) 9-4 (3.5)* 68 (8)* 26 (7)* 6 (3) Controls (n = 15) 70 (1-5) 62 (7) 32 (7) 6 (2) Statistical comparisons are between patients and controls: *p < 005; **p < 001.
siderable impairment developed by day 3 when each flow variable was statistically different from that in the controls and older patients. Their filterability then improved toward normal values by day 10.
The correlation between age and the filterability of mononuclear cells was less. Patients aged < 60 years showed a consistently slower flow, but the difference was only barely significant ( 0033 for the different flow variables). In the controls there was an opposite tendency towards a lower flow and greater activation with increasing age but this was not statistically significant.
Haematological indices were also abnormal in the patients (table 2) . On day 1 the white cell count and the percentage of granulocytes were higher and the percentage of lymphocytes was lower than in the controls. Subsequently these variables returned towards normal.
Discussion
We found abnormalities in white cell behaviour after myocardial infarction. The granulocyte response was delayed and dependent on the patient's age. Significant impairment of flow developed by day 3 and was then inversely correlated with patient age. Generally, patients over 60 years of age showed no changes in filterability during the whole measurement period. On the other hand, patients aged < 60 years did show significantly impaired granulocyte flow on day 3. The filterability of granulocytes correlated well with the number of "active" cells seen microscopically. Thus the changes in flow properties of granulocytes probably reflected activation, with this activation response being greater in younger patients.
The flow properties of the mononuclear cells were abnormal at the first test. Monocytes are far more resistant to flow than lymphocytes, judged both from the filterability measurements" and from studies of micropipette aspiration. '4 In vitro, most mononuclear cells seems to be morphologically active, and I 0 are then much more resistant to micropipette deformation than the "passive" spherical monocytes. Thus changes in the filterability of the mononuclear suspension may reflect rapid activation of the monocytes after infarction. However, the ratio of monocytes to lymphocytes in the mononuclear suspension was also increased after infarction because ofthe shift in white cell differential count (table 2) . This ratio correlated with impaired mononuclear filterability in individual patients on day 1 but not on day 3 or day 10. Also, the ratio returned to normal more quickly than the mononuclear suspension filterability. Thus the changes in the filterability of the mononuclear suspension probably result from a combination of monocyte activation and a shift in the monocyte/ lymphocyte ratio.
Unfractionated mixtures of white cells showed a response intermediate between the separated granulocytes and mononuclear cells, as might be expected. Again, filterability correlated with the number of cells judged to be morphologically active.
The dependence of the white cell response on age, which was pronounced in granulocytes but less evident in mononuclear cells, was unexpected and in the opposite direction to that found in controls (in whom dependence was weak). It was not simply the result of previous infarction. When patients who had suffered previous infarction were compared with those in a similar age range who had not had previous infarction, there were no significant differences in any of the variables of filterability (data not shown). It is possible that the cells from older patients were less able to respond to the stimulus of ischaemia and tissue damage. Previous studies have suggested that the immune response is impaired in older people."5 Activation, margination, and diapedesis ofneutrophils occur within 60 minutes of coronary artery occlusion in dogs.'6 Margination will raise vascular flow resistance and facilitate diapedesis. Capillary plugging by granulocytes has been seen on a similar time scale of hours.'°Plugging is thought to arise at first because the reduced perfusion pressure is not capable of deforming the white cells sufficiently for them to flow through narrow vessels. Thus rapid changes in the flow behaviour and activity of the white cells may contribute to the early stages of ischaemia and tissue damage, and could be important determinants of the final infarct size.' In the present study, rheological changes in white cells were seen in peripheral blood after infarction. This response probably represents a "diluted" version of what occurs in the myocardium. Also, those cells which were maximally stimulated may have become trapped and were therefore not detectable in peripheral blood. The granulocyte changes were not evident until day 3 and this could correspond to the acute phase of the inflammatory response. White cells may be involved earlier in the ischaemic process, but this was not detectable by our methods. None the less, monocyte filterability was altered from an early stage.
Because white cells are able to inhibit flow, in the microcirculation, the rheological alterations seen here may worsen perfusion of the infarcted myocardium. At the same time they probably reflect functional changes in the cells, which may take part in the initiation and propagation of tissue damage. Thus treatment which inhibits white cell activation in the early stages of infarction may be beneficial, even though the normal white cell response may be essential at later stages of healing.
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